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Abstract: The genus Brassica (family Brassicaceae) includes nutritionally and economically important species such as Brassica napus,
Brassica rapa, and Brassica oleracea. Many varieties of B. oleracea are available in various morphological forms including nutritive
vegetables such as cauliflower (var. botrytis), Brussels sprouts (var. gemmifera), kales and collards (var. acephala), kohlrabi (var.
gongylodes), cabbage (var. capitata), and broccoli (var. italica). Objective of the present study was to sequence chloroplast genomes of two
cultivars of broccoli: Marathon and Green sprout. The sequencing was done by next generation sequencing. The analysis was performed
using Velvet, Geneious, GeSeq, tRNAscan-SE, ARAGORN, OrganellarGenomeDRAW, IRscope and REPuter. The genomes of both
cultivars showed highly similar quadripartite structure of 153,365 bp. The LSC (83,136 bp) and SSC (17,835 bp) regions were separated
by a pair of IR (26,197 bp) region. In total, 114 unique genes were present in both species, including 80 protein-coding, 30 tRNA and
4 rRNA genes, while 18 genes were duplicated in IRs. The highest amino acid encoding frequency was found for Leucine whereas
cysteine was the least encoding amino acid. The codon usage analyses confirmed high encoding efficacy of codons that ended at 3′-end
with A/T. Repeat analyses of these genomes revealed 415 microsatellites and 36 oligonucleotide repeats. Microsatellites motifs were
mostly comprised of A/T instead of C/G. The comparative analyses confirmed the presence of 17 substitutions between both cultivars.
Overall, this study will increase knowledge about the chloroplast genomes of broccoli and will provide a resource for chloroplast genetic
engineering of this important edible plant.
Key words: Broccoli, next generation sequencing, chloroplast genome, oligonucleotide repeats, simple sequence repeats, codon usage

1. Introduction
Family Brassicaceae (Cruciferae) belongs to the order
Brassicales. This family comprises 328 genera and
3628 species (Christenhusz and Byng, 2016). Species
of the family Brassicaceae are distributed primarily in
the temperate and alpine areas of all continents except
Antarctica and used as food, condiments, oils and weed
(Al‐Shehbaz, 2001). The economically important plants
belong to various genera, but most important genera are
Brassica, Raphanus, Nasturtium, Lepidium, and Eruca (Al‐
Shehbaz, 2001).
The genus Brassica is very important due to economic
importance and nutrient rich food, containing rutabaga
and rape (Brassica napus), turnip (Brassica rapa), and

Brassica oleracea (Anjum et al., 2012). Different varieties
of Brassica oleracea exist in various morphological forms
and include important vegetables such as: cauliflower
(var. botrytis), Brussels sprouts (var. gemmifera), kales
and collards (var. acephala), kohlrabi (var. gongylodes),
cabbage (var. capitata), and broccoli (var. italica) with high
nutritional value (Al‐Shehbaz, 2001; Anjum et al., 2012;
Aires, 2015).
Broccoli (var. italica) is considered very important due
to its nutritional composition. Broccoli contains proteins,
carbohydrates, lipids and fibres (Anjum et al., 2012). This
plant also contains important minerals including calcium,
iron, magnesium, phosphorus, potassium, sodium
and zinc, whereas the important vitamins including
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Vitamins A, B2, B3, B6, B12, C, D, E, and K along with the
important compounds glycosylates (Owis, 2015). Various
important medicinal activities of Broccoli have also been
reported i.e. anticancers, antioxidative, antimicrobial,
antidiabetic, antiinflammatory, antiobesity along with
hepatoprotective, immunomodulatory, cardioprotective,
and gastroprotective properties (Owis, 2015).
The chloroplast is an important organelle which plays
important role in photosynthesis and in the synthesis
of amino acids and fatty acids (Daniell et al., 2016). The
chloroplast genome contains its circular double stranded
DNA and mostly exists in angiosperm as quadripartite
structure in which single copy regions are separated by a
pair of long inverted repeat regions (Palmer, 1985; Daniell
et al., 2016; Abdullah et al., 2020) Chloroplast genome
polymorphism is helpful for the study of phylogenetic
(Shahzadi et al., 2019; Shahzadi et al., 2020; Henriquez et
al., 2020a) to population genetics (Ahmed, 2014; Zhang et
al., 2020). Different types of mutations events take place
in the chloroplast genome, including substitutions, InDels,
inversion, tandem repeats, and copy number variations
even mutational events are also reported within the
cultivars of same species (Ahmed et al., 2012; Ahmed et
al., 2013; Xu et al., 2015; Iram et al., 2019; Mehmood et
al., 2020; Waseem et al., 2020). Chloroplast genome is also
used for the genetic transformation to get high expression
of the desired gene with stable and high quality proteins
(Ahmed et al., 2010; Lössl, 2011; Waheed et al., 2011a,
2011b; Khan et al., 2018).
In the current study, we de novo assembled
chloroplast genomes of two cultivars of Brassica oleracea
(var. italica): including Marathon and Green sprout to
characterise chloroplast genome structure of these two
important cultivars. The comparative analyses of amino
acid frequency, codon usage, simple sequence repeats,
and oligonucleotide repeats revealed high similarities
and between these two cultivars only 17 substitutions
were found. These genomic resources will be helpful for
the identification of suitable regions for the purpose of
chloroplast transformation.
2. Materials and methods
2.1. DNA extraction and sequencing
The whole genomic DNA two cultivars of broccoli,
Marathon and Green sprout, were extracted from in vitro
grown fresh leaves using DNeasy plant mini kit (Qiagen)
according to manufacturer’s protocol. The quality and
quantity of DNA was confirmed by 1% agarose gel
electrophoresis and nanodrop. High quality DNA was sent
for sequencing to Novogene, Hong Kong. They sequenced
DNA from pair end with short reads of 150 bp using next
generation sequencing machine Hiseq 2500.
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2.2. Chloroplast genome assembly and annotation
The quality of raw reads was confirmed by fastQC analyses
(Andrews, 2018). The high-quality reads were de novo
assembled by using Velvet 1.2.10 (Zerbino, 2008) following
Abdullah et al. (2020) with various kmers values of 71, 91,
111, and 121. The generated contigs were combined by
using de novo assembly option in Geneious R8.1 (Kearse
et al., 2012). The boundaries of single copy regions (LSC:
Large single copy and SSC: Small single copy) and inverted
repeat regions were determined by manual inspection
of scaffold regions. The validation of the assembled
genome and coverage depth analyses were performed
by mapping short reads to the respective genome using
Burrow Wheel Aligner (BWA) (Li and Durbin, 2009)
and visualisation in Tablet (Milne et al., 2010). We used
GeSeq (Tillich et al., 2017) for the annotation of the
genomes along with tRNAscan-SE v.2.0 (Lowe and Chan,
2016) and ARAGORN (Laslett and Canback, 2004).
The circular map of the genome was drawn by using
OrganellarGenomeDRAW v.1.3.1 (Greiner et al., 2019).
These genomes were submitted to the National Center
for Biotechnology Information (NCBI) under accession
number MH388765 (Brassica oleracea cv. Marathon) and
MH388764 (Brassica oleracea cv. Green Sprout).
2.3. Characterisation of chloroplast genome and
comparative analyses
The characteristics of these genomes were analysed in
Geneious R8.1 including amino acid frequency and codon
usage (Kearse et al., 2012). The IRscope (Amiryousefi,
2018) was used to compare inverted repeat (IR) contraction
and expansion among six species of Brassica.
The oligonucleotide repeat analysis was performed
by REPuter (Kurtz et al., 2001) to detect forward,
palindromic, reverse, and complementary repeat with
minimum repeat size of 30 bp and 90% similarity. The
simple sequence repeats (SSR) analysis was performed by
using MISA software (Beier et al., 2007). One of the IR
region was not included in the analysis to avoid the over
representation of inverted repeat regions. The repeat unit
was adjusted with a minimum value of seven nucleotides
for mononucleotides, four for dinucleotides, and three
for tri, tetra, penta, and hexa nucleotides. The number of
repeats in LSC, SSC and IR regions was determined along
with number of different types of repeats and motifs. We
used MAFFT (Multiple Alignment using Fast Fourier
Transform) for the determination of nucleotide differences
between both cultivars.
3. Results
3.1. Features of the chloroplast genome of two cultivars
of broccoli
The chloroplast genomes of both cultivars showed the same
quadripartite structure of 153,165 bp. The LSC (83,136
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bp) and SSC (17,835 bp) were separated by a pair of IRs
(26,197 bp). The gene content was found to be identical
in the chloroplast genomes of these two cultivars of the
genus Brassica. The chloroplast genome of Brassica had
114 unique genes in which 80 were protein-coding genes,
30 were tRNA genes and 4 of them were rRNA genes.
Among these, 18 genes were duplicated in IR regions. 18
genes contained introns in which 12 were protein-coding
genes whereas 6 were tRNA genes. The rps12 was a transspliced gene, having 5′ part in the LSC region and 3′ part
in the IR regions, where rest of it was duplicated. Out of
total 12 genes, 10 genes contained single intron whereas 2
genes including ycf3 and cIpP contained two introns. The
comparative analyses of the complete chloroplast genome
of both cultivars are given in Table 1. The circular map of
both species is provided in Figure 1.
3.2. Amino acid frequency and codon usage
Detailed comparison of amino acid frequencies of
genomes of these broccoli cultivars indicated that greater
percentages of hydrophobic amino acids were encoded
whereas uncharged polar amino acids were encoded
in fewer amounts. Basic amino acids were also less
prevalent i.e. Histidine (H). Amino acid frequencies of

Brassica genomes indicated that Leucine (L) was the most
abundant amino acid followed by the Isoleucine (Ile),
whereas Tryptophan (W) and Cysteine (C) were found
least prevalent. The graphical representation of amino
acid frequency is shown in Figure 2. The RSCU (relative
synonymous codon usage) value revealed that the codons
which had A or T at the 3rd nucleotide positions were
more frequently present in the genomes as compared to
the codons having G or C at third nucleotide position.
The RSCU values of both cultivars of broccoli are given
in Table 2.
3.3. Boundary region of chloroplast genome
We also compared the boundary regions of the six species
of genus Brassica. The analysis revealed the presence of
rps19 gene at LSC/IRb border. This gene originated from
LSC and entered IRb to almost 113 bp. The ycf1 gene was
present at the border of SSC-IR region, leading to the
formation of pseudogene (ycf1ѱ) of 1028 bp. The ycf1 gene
exceeded the border (IRb/SSC and SSC/IRa) from 1 to
1027 bp. The ndhF gene was also present at IRb/SSC border.
This gene started from IRb region and crossed SSC with
2204 bp. These two genes, ycf1 and ndhF, also overlapped
at IRb/SSC border for about 39 bp. IR expansion led to

Table 1. Summary of the chloroplast genomes of both cultivars of
Brassica oleracea.
Characteristics

B. oleracea var. italica cv.
Marathon; cv. Green sprout

Size (bp)

153,365

LSC length (bp)

83,136

SSC length (bp)

17,835

IR length (bp)

26,197

Number of genes

114

Protein-coding genes

80

tRNA genes

30

rRNA genes

4

Duplicate genes

18
Total (%)

36.4%

LSC (%)

34.1%

SSC (%)

29.1%

IR (%)

42.3%

CDS (%)

37.7%

rRNA (%)

55.4%

tRNA (%)

52.3%

All genes (%)

37.3%

Protein coding part (CDS) (% bp)

49.0%

All gene (% bp)

68.90%

Noncoding region (% bp)

32.1%

GC content
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Figure 1. Circular map of chloroplast genome Brassica oleracea var. italica. Genes are coded based on their function. Genes present
inside transcribe anticlockwise, and genes present outside transcribe clockwise.

the duplication of rpI2 gene in all genomes. The gene
trnH was present near IRa/LSC border. It was completely
located in LSC region, 3 bp away from the IRa region in all
the genomes. The complete analyses of IR expansion and
contraction as well as the position of genes at junctions of
the chloroplast genome region are shown in Figure 3.
3.4. Oligonucleotide repeats and simple sequence repeat
analyses
We identified in B. oleracea species 36 repeats (F = 8, P =
23, R = 4, C = 1). The size of repeats varied from 30 bp to
47 bp. Among all the repeats, palindromic (P) repeats were
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most abundant (23) followed by the forward repeats (8)
and then by reverse (4) and complementary (1) repeats.
Most of the repeats lied in the intergenic spacer region as
compared to coding and intronic regions (Table 3).
The SSR analysis revealed 415 SSRs in B. oleracea.
Among mononucleotides, A/T motifs were most
abundant, whereas in dinucleotide AT/TA SSR’s were most
abundant whereas AAT/ATT SSR’s comprised most of
trinucleotides. Microsatellite repeats were most abundant
in LSC region followed by the SSC region and then by IR
regions. The repeat unit of mononucleotide SSRs ranged
from 7 to 15 units, dinucleotides ranged between 4 to 7

ZIA et al. / Turk J Agric For

Figure 2. Amino acid frequency in chloroplast genomes of Brassica oleracea var. italic.

Figure 3. Comparative analysis of boundary regions: Large single copy (LSC), small single copy (SSC) and inverted repeated (IR)
regions among six species of genus Brassica including Brassica oleracea cv. Marathon, Brassica nigra, Brassica rapa, Brassica juncea,
Brassica napus and Brassica carinata. The sequences clearly depict that there are no differences between their boundaries. Lengths of
arrows are illustrated. Base pairs indicate the distance of the gene from boundaries. The size of the complete chloroplast genome is given
on left side.

units whereas the tri, tetra, and penta nucleotide SSRs
repeat mostly existed in three repeat units (Table 4).
4. Discussion
The length of chloroplast genome sequences of both species
was found equal in size. This shows that these cultivars
have high resemblance regarding their chloroplast genome

sequence length which showed substitutions of nucleotide
at 17 positions. Therefore, similar features were observed
for both species. The GC content fluctuated in the different
regions of chloroplast genome and the IRs regions had
high GC content due to the presence of ribosomal RNA
genes and tRNA genes. Here, our results are similar to
the previous studies of angiosperm chloroplast genomes
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Table 2. Codon usage analyses in Brassica oleracea.
S. No

Codon

Amino acid

codon
usage

S. No

Codon

Amino acid

codon usage

1

GCA

Alanine

1.10

33

CCA

Proline

1.14

2

GCC

Alanine

0.61

34

CCC

Proline

0.73

3

GCG

Alanine

0.42

35

CCG

Proline

0.53

4

GCT

Alanine

1.85

36

CCT

Proline

1.58

5

TGC

Cysteine

0.48

37

CAA

Glutamine

1.53

6

TGT

Cysteine

1.51

38

CAG

Glutamine

0.46

7

GAC

Aspartic acid

0.38

39

AGA

Arginine

1.75

8

GAT

Aspartic acid

1.61

40

AGG

Arginine

0.63

9

GAA

Glutamic acid

1.49

41

CGA

Arginine

1.36

10

GAG

Glutamic acid

0.50

42

CGC

Arginine

0.42

11

TTC

Phenylalanine

0.66

43

CGG

Arginine

0.49

12

TTT

Phenylalanine

1.33

44

CGT

Arginine

1.32

13

GGA

Glycine

1.65

45

AGC

Serine

0.38

14

GGC

Glycine

0.38

46

AGT

Serine

1.21

15

GGG

Glycine

0.65

47

TCA

Serine

1.18

16

GGT

Glycine

1.30

48

TCC

Serine

0.87

17

CAC

Histidine

0.50

49

TCG

Serine

0.58

18

CAT

Histidine

1.49

50

TCT

Serine

1.75

19

ATA

Isoleucine

1.74

51

ACA

Threonine

1.21

20

ATC

Isoleucine

1.09

52

ACC

Threonine

0.71

21

ATT

Isoleucine

1.49

53

ACG

Threonine

0.42

22

AAA

Lysine

1.49

54

ACT

Threonine

1.63

23

AAG

Lysine

0.50

55

GTA

Valine

1.44

24

CTA

Leucine

0.82

56

GTC

Valine

0.50

25

CTC

Leucine

0.40

57

GTG

Valine

0.56

26

CTG

Leucine

0.36

58

GTT

Valine

1.48

27

CTT

Leucine

1.24

59

TGG

Tryptophan

1

28

TTA

Leucine

2.01

60

TAC

Tyrosine

0.38

29

TTG

Leucine

1.13

61

TAT

Tyrosine

1.61

30

ATG

Methionine

1

62

TAA

Stop codon

1.80

31

AAC

Asparagine

0.46

63

TAG

Stop codon

0.71

32

AAT

Asparagine

1.53

64

TGA

Stop codon

0.47
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Table 3. Oligonucleotide repeats in Brassica oleracea.
S.
No

Type

Region

Functional regions

size

sequence

1

R

IR

trnH-psbA/trnS

31

TATTTTTTTCTATTTTATATATAATAGAAAA

2

P

LSC

trnH-psbA

40

ATAGTATTTTTTTCTATTTTATATATAATAGAAAAAAATA

3

R

LSC/SSC trnH-psbA/rpI32-ccsA 30

4

P

LSC

rps16-psbK

32

AAATCTATATTTATATATATAAATATAGATTT

5

P

LSC

rps16-psbK

41

TTTGAATAGAAATCTATATTTATATATATAAATATAGATTT

6

R

LSC/SSC trnQ-psbK/ndhA

32

TTTCTTTATTTATTTTTTTTTTTCCTTATATA

7

P

LSC

psbI-trnS/trnS

30

AGGGAAAGAGAGGGATTCGAACCCTCGGTA

8

F

LSC

PsbI-trnS

31

AAGGGAAAGAGAGGGATTCGAACCCTCGGTA

9

R

LSC

trnS-trnR

33

TTTTATTATATATATAAAATATATAATTATTTT

10

F

LSC

trnS-trnR/trnG

31

GCGGGTTCGATTCCCGCTACCCGCTCTAAAT

11

P

LSC

trnS-trnR

36

TAGCAATTGTGTAGTGAATTCACTACACAATTGCTA

12

P

LSC

petN-psbM

40

GCTAGTATGGTAGAAAGAGATCTCTTTCTACCATACTAGC

13

P

LSC

psbC-trnS/trnS

30

AAGGAGAGAGAGGGATTCGAACCCTCGATA

14

P

LSC

trnS/ycf3-trnS

30

GCCATCAACCACTCGGCCATCTCTCCAAAA

15

P

LSC

rps14-psaB

30

TTTTTATTATTTTAATAAAATGAATAAAAA

16

F

LSC

PsaB

43

CTATACATATGACCCGCAATGAGGAAAAGAATTGCGATAGCTA

17

F

LSC

PsaB/PsaA

46

AGGAAAAGAATTGCGATAGCTAGATGATGATGTGCCATATCG GTTA

18

P

LSC

ycf3

30

TGAGATTTTCATCTCATACGGCTCCTCCTT

19

P

LSC

ycf3-trnS

31

CTTTTCTTTTGTGAGAAAATTTTCTCACAAA

20

P

LSC

ndhC-trnV

31

TATTAATAATATAATATTAATATTATTAATA

21

P

LSC

trnM-atpE

39

AACTTATTAGACACCATGATCAATGGTGTCTAATAAGTT

22

P

LSC

petA-psbJ

30

ATTTTTCAATACAAATTTGTATTGAAAAAT

23

F

LSC

petA-psbJ

47

AATTGAAATTGATAGAATGTATCAATAATCAAGAGTTTTTTTCTA AT

24

P

LSC

PsbE-petL/ccsA-ndhD 31

TGAAGTTATATAATAGAGTTATTTTTTTTAT

25

P

LSC

petL-petG

30

ATGAATCTTTTTTGATCAAAAAAGATTTAT

26

P

LSC

psaJ-rpI33

30

CCCCCCTTTTTTTTTCTAATTCTTTTTTTA

27

P

LSC

petB-petD

45

TTATGTTTTTAGCTATTTTTTACTAAAAAATAGCTAAAAACATAA

28

C

LSC/IR

rpI16-rps3/trnV-rps12 30

CCTTATTTTATTTTTTTCATTGTTTTTTTC

29

P

SSC

rpI32-trnL/ndhA

33

AAAATAAAAAAAAAAAGATAATATATATATATA

30

P

SSC

ndhG/ndhG-ndhI

30

GGCAAATCCATTATATTATTAAAAAAAGAA

31

P

SSC/IR

ndhA/trnV-rps12

37

AACCGTACATGAGGTTTTCGCCTCATACGGCTCCTCG

32

P

SSC

rps15-trnN

30

TAATTTTATAAAAAAAAAAGTTTAAATTTC

33

F

SSC

rps15-trnN

30

CTGTAGAATGAATAGATTTGTAGCAAACTG

34

P

SSC

rps15-trnN

30

CAAAAAAGATTATATATAGAATCTTTTTTG

35

F

IR

rrn5-rrn4.5

34

TGGTTTTTTCATGTTGTCAAAGAGTTGAACAATG

36

F

IR

ycf2

32

TTAGACAAAAAGAGAAGTAACTTGGACAAAAA

TTTATATATAATAGAAAAAAATATATAAAA
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Table 4. Simple sequence repeats in Brassica oleracea.
Repeat

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Total

A/T

-

-

-

-

147 66

44

20

11

3

3

2

1

1

1

299

C/G

-

-

-

-

AC/GT

-

2

13

1

AG/CT

-

9

AT/AT

-

28

AAC/GTT

4

4

AAG/CTT

10

10

AAT/ATT

14

ACT/AGT

1

1

AGC/CTG

4

4

ATC/ATG

5

5

AAAC/GTTT

1

1

AAAG/CTTT

1

1

AAAT/ATTT

1

1

AGAT/ATCT

1

1

Total

415

6

21
2
9

8

1

2

3

including genus Brassica in which the conserved
chloroplast genome has been reported with high similarity
in gene content, gene organisation, and intron content
specifically at genus level (Xu et al., 2012; Yang et al., 2013;
Cho et al., 2015; Li et al., 2017; Nguyen et al., 2017; Kim et
al., 2018; Li et al., 2018; Shahzadi et al., 2019).
Location of boundaries is one of the most important
factors to analyse the evolutionary patterns of chloroplast
genome (Shahzadi et al., 2019; Abdullah et al., 2020;
Henriquez et al., 2020a, 2020b). Here, we performed a
detailed comparison of the boundary regions among
chloroplast genomes of six species of genus Brassica,
including the two sequenced in the present study. In our
analyses, contraction and expansion of IR regions led to
the origination of the pseudogene (ycf1 Ψ). The origination
of pseudogene is also reported in previous studies
(Shahzadi et al., 2019; Abdullah et al., 2020; Amiryousefi
et al., 2020). Moreover, in the far divergent species such as
at family level comparison the duplication of certain genes
or deletion of a copy of gene has also been reported in
chloroplast genome (Menezes et al., 2018; Abdullah et al.,
2020). The phenomenon of IR contraction and expansion
is also related to the phylogenetic studies in closely related
species as suggested by many previous studies (Shahzadi
et al., 2019; Shahzadi et al., 2020; Liu et al., 2018). Here, in
the current study, the analyses of the Brassica chloroplast
genome sequences revealed high resemblance in these
species. However, a recent study does not agree with this
finding (Henriquez et al., 2020c).
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Codon usage analysis is important to study population
pressure as well as phylogenetic analysis (Yang et al.,
2014). Most protein coding genes employ ATG as the start
codons. However, ATC, ATA, ATT, TTC can also be used
as alternative codons (Henriquez et al., 2020b). Here, in
our current study, we also found some other codons other
than ATG codon as initiation codons. The high similarities
in codon usage reveal that these species passed similar
evolutionary conditions during the course of evolution
(Menezes et al., 2018; Abdullah et al., 2020). We also
found high similarities in amino acid frequencies among
all studies species. We found Lysine as the most abundant
amino acid whereas Cysteine as the rare encoded amino
acid. This finding is similar to the previous reports (Iram
et al., 2019; Abdullah et al., 2020; Henriquez et al., 2020a
Waseem et al., 2020; Mehmood et al., 2020).
The relative synonymous codon usage (RSCU) value
indicates the preference of a codon to code an amino acid.
RSCU value greater than 1 indicates a higher frequency of
codons whereas an RSCU value less than 1 indicates less
prevalence of codons in the genome (Poczai and Hyvönen,
2017; Amiryousefi et al., 2018) . The codons having A or
T at third nucleotide position showed higher RSCU values
(>1) as compared to the codons having G or C at the third
nucleotide position (<1). Such codon usage patterns have
been observed in the chloroplast genomes of many other
angiosperms (Henriquez et al., 2020c; Shahzadi et al., 2020).
Mononucleotide SSRs were more frequently present
in the genome than di or tri nucleotide SSRs. Among
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mononucleotide SSRs, A/T repeats were more abundant,
as reported in previous studies of chloroplast genomes
of angiosperms (Menezes et al., 2018; Mehmood et al.,
2020). This might be due to the A/T rich composition of
the chloroplast genome. Maximum repeats were found at
the LSC region followed by the SSC region, as reported in
some of the previous studies (Poczai and Hyvönen, 2017;
Menezes et al., 2018).
Most of the repeats were found in intergenic spacer
regions (IGS), followed by the coding region, whereas the
least number of repeats were found in intronic regions. In
several angiosperm lineages, numerous repeats have been
identified in the IGS region (Poczai and Hyvönen, 2017;
Abdullah et al., 2020; Mehmood et al., 2020). However, an
abundance of repeats is also reported in the coding region
of some angiosperms (Menezes et al., 2018). The moderate
oligonucleotide range has been identified to induce
origination of repeats and InDels (McDonald et al., 2011;
Ahmed et al., 2012; Abdullah et al., 2020). Moreover, these
repeats are also suggested as proxy for the identification of

mutational hotspot regions (Ahmed et al., 2012; Abdullah
et al., 2020). Hence, the repeats identified here could
also be used for the identification of mutational hotspot
regions.
5. Conclusion
In conclusion, our study provides insight into the
evolutionary pattern of the chloroplast genome that exists
in the two cultivars of broccoli, Marathon and Green
sprout, in comparison to other species. These genomic
resources will also be helpful for the development of
vectors for chloroplast transformation of this important
edible plants species.
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